Abstract: New materials can be created by modifying matter. In this work, we characterize graphene and boronnitride (BN) layers after doping them with BN and carbon dimers, respectively, in different amounts and with different spatial distributions. We provide the energetic description, electron density features, molecular electrostatic potential maps, net charge populations, and the speeds of propagating waves on the hybridized layers. We show the possibility of designing molecular electrostatic potentials from a spatially controlled doping. A strategy is illustrated on a BN hybrid layer with the adsorption of DNA nucleic acid bases.
Introduction
The graphene and the boron nitride are 2D materials described as hexagonal lattices with only 1.8% of lattice spacing difference [1] [2] [3] [4] [5] . Still, they own different chemical and physical properties; the graphene layer is a conductor, while the boron nitride layer is an insulator 6, 7 . The graphene is known to be a remarkable material with unique chemical, thermal 8, 9 , electrical 5 , and mechanical properties 10 . For example, it has a thermal conductivity of 2000-4000 W/mK for freely suspended samples 9 , an elastic modulus of 1±0.1 Tpa 11, 12 showing a strength that makes graphene one of the strongest material ever measured, 11 and with ultrastrong adhesion 12 , among other features. Such properties make graphene a promising material for applications in electronic devices 13 , electrochemical energy storage 14 , and biomaterials 15 at the nanoscale regime. The graphene is presented as a mono-layer or multi-layer material. The common methods employed to obtain graphene are the chemical vapor deposition 16, 17 , chemical synthesis sonication 18 , and micromechanical exfoliation 19 . The fabrication method determines the number of layers that can be created in the material, and its mechanical properties 10 . On the other side, the boron nitride layers are chemically stable, exhibit high thermal conductivity concerning that of graphene, and offer resistance to oxidation 20 . A family of boron monolayers has been found to own novel semiconducting properties, in principle attributed to the motif of hexagonal vacancies 21 . The mechanical strength of the boron nitride nanosheets has been found to be indifferent to the increasing thickness, on the number of layers, due to the interlayer interactions which are different to those occurring in graphene 22 . It has also been theoretically and experimentally shown that boron nitride nanosheets suffer conformational changes with the adsorption of molecules, with a resultant increase of adsorption energy and efficiency 23 .
In spite of their different chemical and physical properties, the boron nitride and graphene layers have the same hexagonal structure: the bond length of boron nitride is on average 1.44 Å, and that of CC in graphene is on average 1.42 Å. 24 Due to the lattice similarities between the graphene and boron nitride layers, it has been possible to produce composite materials. For example, bilayer graphene samples sandwiched between layers of hexagonal boron nitride were created with the goal of tuning excitons (this is, bound states of an electron and a hole), aiming at optoelectronic applications 25 . On the other side, Ci et al. mixed domains of boron nitride with graphene, controlling the amount of carbon from 10% to 100% 26 . The hybridization of the three elements produced mixed atomic layers, which were confirmed using the EELS technique. The studies with XPS in the same work also exhibited shoulders at a lower binding energy for B (due to the electronegativity of C), and at higher energy for N (due to the bonding with C). The authors measured lower optical band gaps by increasing the concentration of C.
The optical band gap measured by ultravioletvisible absorption spectra of the first absorption edge on h-BNC at 65% C was 4.48 eV, and even lower when increasing the percentage of C to 84% with a value of 3.85 eV, in comparison to the 5.69 eV band gap of pure h-BN. Similar behavior was obtained for the second absorption edge by increasing the quantity of C in the h-BNC layer. These experiments show the possibility to tune the electronic properties of mixed monoatomic surfaces by the content of BN-C elements. The experiments, in combination with theoretical models, explain the electronic properties of the band gap behavior. Nascimento et al. calculated the DFT energy band gaps of BxCyNx structures using Monte-Carlo absorption temperature hopping, in different concentrations of the randomly positioned elements 27 . They equally observed lower band gaps values when increasing the C content in different BNC structures. In the same study, the authors determined the mechanical behavior of uni-axial strain effects in the monoatomic mixed layers in both the zigzag and armchair directions varying the band gap energy of a B5C86N5 structure. Recent work has been focused on the graphene lattice doped with boron nitride (BN) for applications on water purification 28 . In short, the electrical properties of a graphene layer can be modified by replacing pairs of carbon atoms by boron nitride compounds 26, 29 and, in principle, the modification may be performed by gradually doping the graphene layer with BN, until reaching the total transformation of the graphene sheet onto a pure boron nitride sheet, and vice versa 30 . In general, the studies have been focused on investigating the semiconducting properties for band gap-engineered applications in electronics and optics 26 . Several questions referent to the physical and chemical properties in the interconversion of both materials persist. In this respect, it is of interest, for example, to evaluate the mechanical and chemical changes caused by the BN doping of a graphene lattice.
The purpose of this work is to explore the distinctive features between a graphene layer and its doped boron nitride derivatives, and vice versa, from a physico-chemical perspective. We start with a pristine graphene lattice of the rectangular shape formed by 142 atoms, where 28 atoms are hydrogens at the borders that saturate the carbon dangling bonds. By systematically replacing pairs of carbon atoms, CC, with BN compounds in the graphene (gp) lattice, the gp layer is gradually doped with small amounts of BN compounds. Note that, in principle, the doping of graphene can be performed by replacing single carbon atoms with individual boron or individual nitrogen atoms. Nevertheless, our interest resides on doping graphene by replacing CC pairs by BN compounds because, in this case, the mass difference between the CC and BN dimers reaches a minimum value (more details are given below). On the other hand, by replacing BN compounds with carbon dimers in a pristine BN lattice (with equal dimensions to the graphene lattice), the BN layer is gradually hybridized with small amounts of carbons. In principle, such processes allow the interconversion of the grid lattices onto each other. The details of the molecular model are given in the following sections. We pay attention to the energy changes, and examine the electron densities, molecular electrostatic potential maps and charge populations of the gp and BN layers with different amounts of doping compounds. Also, we briefly focus attention on the molecular vibrations of the gp layers with different amounts of the binary BN compounds. The vibrations of the graphene layer and its BN derivatives are induced mechanically, by displacing some central atoms of the horizontal planar layer in the vertical direction. The release of such atoms produces a perturbation on the adjacent atoms that propagates in every direction as a wave on the lattice. We use molecular dynamics in combination with density functional theory in this investigation. Previous studies of graphene based materials have used classical molecular dynamics in conjunction with empirical, 31, 32 and ab-initio methods 33 . The method used in this work is sufficiently accurate for the mechanical and energetic description of graphene, but it has the disadvantage of being computationally costly. For such a reason, we employ GPUs in the calculations to reduce the simulation times 34 , more details are given in section 0.2. Summing up, this work contributes to the static and dynamic characterization of gp and BN layers, and their hybridized lattices, by establishing their structural and energetic features at the atomic level, and from a physico-chemical point of view.
Molecular model
We build in a first stage a graphene layer containing 142 atoms, 114 of them are carbons to form the body's lattice and 28 atoms are hydrogens to saturate the dangling bonds at the borders of the layer ( Figure 1 ).
On the other hand, the BN dimer is capable to closely adopt the structure of two contiguous carbons in the graphene network. Such a property favors the BN-doping of graphene layers with minimal structural distortions, but simultaneously introducing important chemical changes. Thus, by replacing carbon pairs by BN compounds, the graphene layer can be gradually doped with, say, 2, 3, 6, and 12 BN compounds (Figures 1 and 2) . A pure BN layer (where 57 BN compounds replace the 114 carbons of the graphene mesh) is also included in the investigation. The spatial distribution of the doping compounds goes from small isolated islands to large extended domains in the layers. Once the doping elements are positioned, the layer is energetically optimized and the electron density, molecular electrostatic potential map and atomic charge populations are computed and discussed. The characterization is of static nature as all the atoms remain fixed after acquiring their energetically-optimized positions. With the purpose of additionally introducing a dynamic study, the layers are made to vibrate. The vibration is mechanically induced by displacing a few atoms located at the central part of the horizontal-lying layer in the vertical direction. The wave propagation depends of the mesh atomic composition, which in turn determines the mechanical properties of the material, such as the elasticity. For instance, the BN compound has a total atomic mass that differs from that of two carbon atoms (according to the UPAC the atomic mass of C is 12.01, that of B is 10.81, and the atomic mass of N is 14.01). The inset E shows the layer where the 114 carbon atoms of inset A are replaced by 57BN compounds (color code: green= carbon, white= hydrogen, blue= nitrogen, pink= boron).
Therefore, the substitution of a couple of carbons by BN produces a mass difference in the layers. This difference is small in the 142-atom grid, still, the mass difference is expected to play a role in distinguishing the vibrations of a highly BN-doped graphene layer from the vibrations of a pure graphene layer. Boundary conditions are imposed by keeping the hydrogen atoms static in the simulations.
Computational details
The molecular dynamics method is a powerful simulation tool frequently used in processes where the dynamical character of the particle system is important. In this work we deal with vibrating atoms and, thereby, it is convenient to solve the Newtonian equation of motion following the molecular dynamics method.
The momentum of the ith particle is pi and the interaction potential among the atoms is V, which depends on all the atomic coordinates Ri. In the BornOppenheimer approximation, the electrons move fast, and the nuclei are essentially static. Then, the electrons achieve a stationary state at every configuration of the nuclei. In this context, the interaction potential V is considered the electronic energy of the system (it also includes the Coulomb energy of the nuclei), and we write V = E, where E is the electronic energy with parametric dependence on the atomic coordinates. The electronic energy E is obtained after solving the time-independent Schrödinger equation.
^= (2)
^i s the Hamiltonian operator of the molecular system (where the instantaneous atomic coordinates of Eq. 1 are present), and ψ is the corresponding wave function. We employ the nonlocal version of density functional theory (DFT) to solve the Schroedinger equation. The representations proposed by Becke 35 and Lee-Yang-Parr 36 of the exchange and correlation energy functionals are chosen, respectively. The 6-31G Gaussian basis sets are sufficiently accurate to provide electronic energies and geometries, and they are used in the computations. The Kohn-Sham one electron equations in the DFT method are solved selfconsistently using dynamic grids. The final grid consists of 3,000 points per atom, demanding threshold convergences of 10 -6 au in the density and energy. The DL-FIND optimizer is used to obtain the energy-stable structures 37 . The thresholds imposed on the gradient convergence are max step = 1.8×10 -3 , rms step = 1.2×10 -3 , max grad = 4.5×10 -4 and rms grad = 3.0×10 -4 . On the other side, the Newtonian equations are solved using the velocity-Verlet algorithm with time steps of 1 fs 38 . The calculations of the electron density and molecular electrostatic potential maps are performed using the DFT method.
Our software package solves the equations of motion and is written in the FORTRAN language. It makes system calls to run an external ab-initio program. We take TeraChem 39 as the external abinitio program because it is written in CUDA language for Nvidia GPU platforms and runs efficiently. Yet, the isosurfaces of the electron density and molecular electrostatic potential are computed at similar level of theory with Gaussian-09 40 .
Energy analysis
The doping of the graphene layer is performed using 2, 3, 6, and 12BN compounds. The small doping cases (with 2, 3 and 6BN dimers) allow establishing the energy changes concerning the BN-doping number (Figure 1 ). On the other hand, the large doping cases (this is, the different situation with 12BN) allow establishing the energy changes regarding the positions of the BN doping (Figure 2 ).
The energy of the bare BN layer is additionally computed. Such a layer is doped with 2, 4 and 8C atoms. The hybridized lattices represent an isoelectronic series, with the only difference that the nuclei equally distributed in the 6 C- 6 C dimer have been redistributed in the form 5 B-7 N. Hence, it is of interest to compare their electronic energies. Table 1 provides such energies, as well as the energy differences by taking the energy of the pure graphene layer as the reference energy *The nomenclature gpYBN indicates the graphene layer containing a number of Y molecules of the type BN, and BNZC indicates the BN layer containing a number of Z carbon atoms. The letters in parenthesis distinguish the different distributions of the BN dimers in the layer. The energies are shown from the less negative energy to the most negative energy. The energy differences denoted as ∆E are presented, taking the energy of the bare graphene layer gp as the reference energy.
All the molecular systems are found energetically stable. The energy of the graphene layer is more negative by increasing the doping number of BN compounds. No linear relation is observed between the number of BN compounds and the energy change when we take the energy of the bare graphene layer as the reference energy of the systems. In the family of 12BN-doped layers, the structure with minimum energy is the structure with label C, followed by the A structure. These two have high connectivity of the BN molecules (like a planar cluster of BN compounds). Contrariwise, the structures B, D and E have lower connectivity of BN molecules. Among these three structures, the E structure with BN closed rings shows the lowest energy. The structure B represents a kind of two unconnected linear doping and is higher in energy than the E structure. The D structure has the less negative energy in this family and represents a type of alternating doping (without reaching the doping of closed hexagons, as observed in the structures C, A and E). In principle, the structures with fully doped rings are the most stable structures, an important feature that may explain the energy difference between the bare graphene layer and the pure BN layer.
The bare BN layer is the system with the lowest electronic energy. The doping of the BN layer with carbon atoms makes the energy more positive and increasing with the number of carbon atoms. In principle, it is possible to mutate a graphene layer onto a BN layer with the replacement of CC pairs by BN binary compounds, and vice versa. The energy involved in such a transformation is -198.898,444 au for the type of layers of this work.
In Table 2 , the average atom charge populations of H, B, C and N for the different types of layers are presented. They were computed according to the Mulliken scheme. The charge population of H is essentially indifferent to the type of layer studied here. The charge populations of B, together with these of N, are the ones with noticeable changes in both the graphene layers and the BN layers. The charges of B are positive, and these of N are negative. Meanwhile, the charge population of C changes signs in going from a graphene layer (where it is a small negative number in most instances) to a BN layer (where it takes positive values). The charge differences between CC pairs and the BN compounds is of interest since they point to local polarizations of the electrons. In this respect, we now analyze the electron density clouds and molecular electrostatic potentials in 3D space. 
Volumetric properties: the electron density and molecular electrostatic potential
The pure graphene and pure BN layer are 2D crystal lattices and, therefore, show periodic forms of the electron density in their structures, except at the borders where the atoms linked to the terminal hydrogens show electron density changes. On the other hand, their hybridized layers are of more interest in this respect for analysis because, aside from energy differences, the doped layers exhibit electron density inhomogeneities that create local polarizations and, therefore, chemically active regions with possible applications in catalysis. In order to characterize the doped graphene layers from such a perspective, the isosurfaces of both the electron density and the molecular electrostatic potential (MEP) are investigated. In Figure 3 the electron density maps of the systems gp2BN, gp3BN, gp12BN(A) and gp12BN(C) are displayed. The doping with BN compounds breaks the uniform electron density of graphene, producing the depletion of electron density in some regions and the excess of electron density in other regions. Again, the uniform electron density is perturbed by the presence of the carbon-atom doping. Nevertheless, the situation is different to the case of the doped graphene lattice. The reason is that in graphene the BN compounds are present in a background charge formed by carbon atoms, while in the doped boron-nitride layers the carbons are present in the background charge formed by BN molecules. The breaking of the uniform charge density in both the doped graphene and the doped boron-nitride meshes originates molecular electrostatic potentials, which are distributed according to the doping. As an example, the molecular electrostatic potential maps of the BN2C and BN4C layers are presented in the top insets of Figure 5 . The doped graphene and doped boron-nitride layers are essentially flat, while the electron density and MEP are of volumetric type, in other words, they are 3D physical entities situated on a 2D material. In this context, the electron density irregularities and the MEPs are shown as clear protuberances of the 2D surface, making the volumetric surfaces easily noticeable to other charged compounds. Such features differ from those of other surfaces that are no strictly flat. The MEPs of the C-doped boron-nitride lattices are found at the regions close to the carbon atoms ( Figure 5 ). In this regard, the doped boron-nitride layers in principle present the opportunity on the design of MEPs by using C-doping at selected spatial regions of the layer. That is, it is possible to create MEPs by doping the boron-nitride layers with carbon atoms at chosen places and with the geometry of our interest. A similar situation but applied to the band gap has been reported in 41 , where it was shown that the band gap increases when the carbon atoms segregate into isolated, irregularly shaped graphene islands in the BN layers. Yet, for a given stoichiometry, the electronic and optical properties of a B-C-N layer can be tuned by growth kinetics. For h-BN layers with C domains, it is equally possible to tune the h-BN band gap in the visible region 42 . Moreover, n-type and p-type semiconductors can be designed by controlling either the C-N or C-B bonds at the domain borders, with potential applications in photocatalysis and optoelectronic devices. Similar results have been observed on the band gap of multiwalled boron carbonitride nanotubes 43 . Still, it is important to emphasize that our results involve the tuning of the MEPs, rather than the energy band gaps, and such a tuning also shows potential applications on the docking of molecules on the BN layers, with consequent applications on chemical catalysis.
The adsorption of molecules on graphene-based materials is of interest and has been studied in different contexts. One of these has interfaced DNA with graphene oxide with the purpose of creating new sensors at the atomic level 44 . Here, it is shown that DNA is adsorbed on graphene oxide via Π-Π stacking and hydrogen bonding, simultaneously overcoming the electrostatic repulsions. The boron-nitride sheets have been also investigated with the goal of employing nanopores of atomic thickness. By simulating the dynamics of DNA, it has been demonstrated the possibility of detecting doublestranded DNA sequences from the ionic currents through the pore during the DNA translocation 45 . Our work differs from the previous studies by dealing with the molecular electrostatic potentials of C-doped BN layers, and the intention to trap biological molecules on top of such layers. In the two lower insets of Figure  5 we present a pair of nucleic acid bases of the DNA molecule on the surface of the boron-nitride lattice (the nucleic acid bases were energetically optimized on the substrate). The MEPs of the nucleic acid bases have been discussed in the context of biological processes elsewhere 46 . For our reference, the MEP of the BN2C lattice is superposed on such a lattice. As it is observed from the lower insets of Figure 5 , the nucleic acid bases are linked to the substrate by hydrogens that are trapped in the electrostatic potential wells. Of course, more complex conformations of the C atoms on the boron-nitride sheet may be built for trapping other types of molecules.
The adsorption energy, for example of guanine, is computed in the form:
The adsorption energy of guanine on the BN2C layer is close to 5 Kcal/mole, and that of adenine is essentially zero.
Vibrational analysis
Our final purpose resides on briefly characterizing the dynamical aspects of the doped lattices. Smolyanitsky and Tewary studied the dynamic ripples on graphene by producing local harmonic out-ofplane excitations 47 . The authors demonstrated the possibility of tuning dynamic ripples by applying a local out-of-plane sinusoidal excitation to the graphene layer. Such work shows potential applications in mechanically controlling quantum dots. In our particular study on the dynamics of layers, we include both the doped graphene and doped boronnitride layers as well. The layers are mechanically perturbed by displacing a set of atoms located at the central part of the layer, and releasing such atoms. This is a mechanical perturbation that induces a vibration, and which propagates in every direction. The vibrational waves reach the borders of the lattice after some time, which depends on the lattice extension and composition. No periodic conditions are required in our case, since the interest is on investigating the effects of the doping elements on the propagation speed of the waves, an effect that is independent of the periodic conditions. In Table 3 the wave speeds of the different layers in their first vibration moments are provided. Such speeds are determined by measuring the time interval ∆t = t2 -t1, where t1 is the initial moment of the release of the central atoms and t2 is the instant of time when the wave reaches the most distant longitudinal borders (there are two borders of such a nature, one to the right and the other to the left). The waves propagating on the graphene layers with low concentrations of BN compounds are in general the fastest waves. The wave speeds vl and vr are different when the doping elements are located either on the right side or the left side of the mechanical perturbation that generates the wave on the lattice. On the other hand, the wave speeds of the graphene layers with high concentrations of BN molecules are in general small and depend on the distribution of the BN compounds in the lattice, except for the gp12BN(E) hybrid layer, which shows a speed slightly bigger than that of pure graphene in the left direction. In the gp12BN(E) hybrid layer we have BN rings intercalated in linear form in the graphene layer and, on the other hand, the number of the BN rings is different in the left and right directions ( Figure 2E ). The intercalation and the directional asymmetry of the BN rings may be the cause of observing a large speed in the propagation of the perturbation with respect to that on pure graphene. In spite of that, the pure graphene shows fast wave speeds and the boron-nitride lattice slow ones (with an average speed ratio of 1.9). Apparently, the change of masses in replacing CC compounds with BN compounds, and the distribution of the doping elements (either to the left or right of the mechanical perturbation) are sufficiently important to imprint a difference in the wave propagation from the very first moments of the perturbation. In this respect, the mechanical wave speeds of graphene may be modulated by the presence of a number of BN compounds and their distribution in the graphene sheets.
Conclusion
The graphene (gp) and boron-nitride (BN) layers are physical systems with interesting properties in basic science and technology. The interconversion of such layers by doping a graphene layer with BN compounds, and a BN layer with carbon atoms leads to novel applications of graphene and boron-nitride compounds in addition to those reported in the literature, which have been particularly focused on optoelectronics 48 Thus, in a complementary context, we have shown properties of physico-chemical and mechanical interest of the hybridized layers. The inhomogeneities of the electron density introduced by the doping elements originate polarization domains and, in turn, chemically active regions. The possibility of replacing BN compounds of the BN layer by CC atoms, and making them to describe a geometry of our interest, 26 results on the creation of new molecular electrostatic potentials in the BN layer, capable to selectively adsorb either small or large molecules according to our needs. The redistribution of mass in replacing CC compounds with BN compounds, and vice versa, is sufficiently important to make a difference in the propagation of mechanical waves on the graphene and the boron-nitride layers, respectively. In consequence, the mechanical wave speeds of graphene (BN) may be modulated by both the presence of a specific number of BN (CC) compounds and their distribution in the graphene sheet. In principle, the properties of the hybridized layers elucidated in this investigation show potential applications in technology, and should be especially attractive to explore the docking of molecules, in addition to the investigation of new catalytic pathways and chemical processes.
